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INXHKZD  R.VDIOA'.'HVIT  !  EXCITED  IN  AIR  AT  THE 
FOO'l  OF  WATERFALLS* 

I.  iMlroductioM.  The  fine  drops  of  spr  v  into 
which  water  is  broken  on  pa.ssin((  over  waterfalls  wen.  found  by 
Lenard'  to  communicate,  on  striking  the  wet  rockx  at  the  foot 
of  a  fall,  a  negative  charge  of  electricity  to  the  surrounding  air 
and  a  positive  charge  to  the  water.  From  a  number  of  lab- 
oratory experiments  with  jets  impinging  on  metal  plates  he  ob- 
tained the  same  results  with  pure  wnter,  but  found  th.'t  the 
presence  of  any  impurity  greatly  lessened  the  effect.  With 
certain  solutions — notably  sodiun.  chloride  in  vati-r — 
the  action  weakened  with  an  increase  in  the  .st  ,th  of 
the  solution,  and  was  finally  reversed,  a  pasitvp  cha  „..  l»einj; 
communicated  to  the  air  and  a  negative  clii>rv>i;  to  the  liquid. 
The  splashing  of  rain  he  found  imparted  .1  ".native  electrifi- 
cation to  the  surrounding  air,  .'1  "?  the  bn  .il.ing  of  waves 
on  the  sea  sl>  'e  electrified  it  pos...  ..;ly.  The  exjK'rinicuts  of 
J.  J.  Thomson-  and  of  Elster  and  (leiteP  have  confinued  these 
observations,  and,  while  shewing  tliat  the  sigti  and  the  auiouut  of 
the  electrification  imparted  varied  both  with  the  liquid  and  witli 
the  gas  in  which  the  splashing  occurred,  yet  the  splashing  cf 
pure  water  in  air  always  gave  a  negative  electrification. 

A  little  over  a  year  ago  Elster  and  (ieitel*  found  that  if  a 
negatively  electrified  wire  were  exposed  for  some  hours  in  the 
open  air  or  in  a  ver>'  large  room,  it  became  tetnporarily  radio- 
active. Since  then  a  number  of  observations  have  been  made 
upon  this  effect,and  the  consensus  of  opinion  at  ^cars  to  be  that  it  is 
due  to  the  presence  in  the  atmosphere  of  some  peculiar  constitu- 
ent similar  to  the  emanation  from  thorium,  which  has  been 
shewn  by  Rutherford*    to    induce  radioactivity  in    any    body 

*  Read  before  the  American    PbyMcal  .Society,  at   WoshiiiKton,  Dec.  31st, 


1903. 


Wied.  Ann.,  Bd.  46,  p.  584,  (1K92). 

J.  J.  Thomson,  Discharge  0/  eleclricily  through  gases,  ^.  17. 

Wied.  Ann.,  Bd.  47,  p.  496,  (1892). 

Phys.  Zeit.,  No.  40,  p.  590,  (1901). 

Phil.  Mag.,  No.  49,  pp.  i  and  161,  (1900). 
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with  which  it  comes  in  contact,  especially  when  that  1     ly  is 
negatively  electrified. 

The  difficulty  of  determining  and  of  regulating  the  at- 
mospheric conditions  for  observations  upon  this  excited  or  in- 
duced radioactivity  suggested  the  desirability  of  resorting,  for 
purposes  of  experiment,  to  a  locality  where  exceptional  electric- 
al conditions  were  known  to  exist  permanently  in  the  atmos- 
phere. Nia,:,';ira  Kails,  accordiii.i,'  to  Lenard's  results,  is  pre- 
eminently such  a  locality,  and,  through  the  kindness  of  the 
Hon.  Thomas  Walsh,  Superintendent  of  the  Niagara  Falls 
National  Park  Reser\-ation,  the  author  was  enabled  in  Septem- 
ber last  to  carry  out  a  short  series  of  observations  upon  excited 
radioactivity  at  the  foot  of  the  waterfall.  The  general  result  of  the 
investigation  was  that  during  the  course  of  the  experiments  the 
amount  of  radioactivity  induced  in  a  wire  exposed  at  the  foot  of 
the  waterfall  was  foinid  to  be  ver>'  much  less  than  that  in  a 
wire  exposed  in  the  same  manner  in  Toronto. 

II.  Apparatus.  In  these  observations  the  measurements 
were  made  with  a  quadrant  electrometer  of  the  Mascart  type  as 
constructed  by  Carpentier.  The  silk  suspension  in  the  original 
apparatus  was  replaced  by  a  phosphor  bronze  strip  less  than 
0.025  millimetres  in  thickness,  which  was  attached  at  its  upper 
end  to  an  ebonite  rod  to  secure  insulation.  The  needle  was 
kept  charged  by  a  battery  of  small  storage  cells  similar  to  those 
installed  in  the  Reichsanstalt  and  the  deflections  were  measured 
by  the  movement  of  the  image  of  an  incandescent  lamp  fila- 
ment upon  a  transparent  scale  placed  at  a  distance  of  one  metre 
from  the  electrometer. 

With  a  potential  of  480  volts  applied  to  the  needle,  the 
sensibility  of  the  instrument  was  such  as  to  produce  a  deflection 
of  1000  mms.  on  the  scale  for  a  potential  difference  of  one  volt 
between  the  quadrants.  In  measuring  the  induced  radio- 
activity, bare  copper  wire  no.  24  was  exposed  in  the  open  air  by 
means  of  specially  constructed  insulating  supports  (Fig.  I), 
attached  to  a  series  of  bamboo  poles  erected  at  convenient 
distances.  The  wire  was  charged  by  a  small  Toepler  Holtz 
electrical  machine  driven  by  a  water  motor,  which  maintained  a 
potential  of  from  eight  to  ten  thousand  volts. 
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The  insulator  shewn  in  Fig  I  consisted  of  a  brass  tube  about 
20  centimetres  long,  closed  at  one  end  and  having  a  bell-shaped 
opening  at  the  other.  Into  this  tube  an  ebonite  rod  was  screwed 
which  could  be  easily  removed  when  it  was  necessan,-  to  renew 
its  surface.  Hooks  fastened  to  the  tube  and  to  the  ebonite  rod 
provided  for  the  support  of  the  insulator  and  the  suspension  of 
the  wire.  In  ihe  experiments  at  the  foot  of  the  waterfall  it  was 
found  that,  with  these  insulators,  a  wire  could  easily  be  main- 
tained at  a  potential  of  10,000  volts  for  hours,  eveti  in  a  drench- 
ing spray. 

The  exposed  wire  was  tested  for  induceil  radioactivity  by 
means  of  the  apparatus  shewn  in  Fig.  II.  ,/  was  a  galvanized 
iron  cylinder  about  30  cms.  high  and  20  cms.  in  diameter, 
resting  on  an  insulated  platform  and  having  a  movable  cover 
provided  with  a  flanged  opening  into  which  was  fitted  an  ebon- 
ite plug  about  five  centimetres  in  diameter.  A  brass  tube  C 
was  iiassed  through  this  plug  and  into  it  a  second  ebonite  plug 
was  tightly  fitted.  This  second  plug  carried  a  lirass  rod  D  from 
which  y/,  a  brass  reel,  was  suspended,  and  on  this  reel  the  wire 
to  be  tested  was  wound.  The  brass  tube  C  which  was  earthed 
throughout  the  measurements  served  as  a  guard  ring  and  pre- 
vented any  leak  from  the  vessel  A  to  the  rod  D  across  the 
ebonite  plugs. 

The  saturation  current  due  to  spontaneous  ionization  of  the 
air  in  the  ves.sel  having  been  first  determined  by  coimecting  the 
supporting  rod  D  to  the  electrometer  in  the  usual  wa\-  and 
applying  a  potential  of  100  volts  to  A,  the  exposed  wire  was 
then  wound  on  the  reel,  inserted  in  the  vessel,  and  the  satura- 
tion current  agaiu  ascertained.  Any  increase  observed  in  the 
ionization  current  was  taken  as  a  measure  of  the  radioactivity 
induced  in  the  exposed  wire. 

As  it  was  impossible,  in  setting  up  the  apparatus,  in  two 
different  localities,  to  be  certain  that  it  was  of  exactly  the  same 
sensibility,  a  standard  of  ionization  was  deemed  necessary  for 
purposes  of  comparison.  A  radioactive  substance  whicli  the 
writer  had  in  his  laboratory  at  the  time  of  making  the  experi- 
ments was  chosen,  and  a  small  quantity  in  a  glass  phial  being 
found  to  give  a  constant  ionization  current  when  placed  in  a 
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6  McLennan  :  Induced  Radioactivity 

given  position  in  the  chamber  /I,  this  current  was  adojited  as  a 
standard  and  the  ionization  currents  measured  in  the  various 
tests  were  expressed  in  terms  of  it. 

III.  Exptrimenls.  lioth  before  proceeding  to  Niagara  and 
after  returning,  a  series  of  exposures  was  made  in  the  quad- 
rangle of  tlie  University  at  Toronto.  Copper  wires,  approxi- 
mately 30  metres  long,  were  exposed  for  periods  of  two 
hours  at  a  p^jtcrtial  of  8,000  to  10,000  volts  on  a  number  of 
days,  .\fter  a  wire  had  been  exposed  it  was  placed  in  the 
ionization  chamber,  the  saturation  current  measured  and  its 
radioactivity,  thus  ascertained,  was  expressed  in  terms  of  the 
standard  radioactive  substance.  The  resulting  values,  taking 
the  standard  saturatioti  current  as  unity,  showed  considerable 
variation  in  the  amount  of  radioactivity  excited,  the  highest 
value  observed  being  1.75  and  the  lowest  0.6.  The  inter- 
mediate values  ranged  between  these  limits  but  were  quite 
irregular  and  seemed  to  depend  more  upon  the  existence  of  wind 
and  its  velocity  than  other  changes  in  the  weather.  The  occur- 
rence of  showers  did  not  exert  a  noticeable  effect  on  the  amount 
of  radioactivity  e.xcited.  It  was  frequently  obser\'ed  that  expo- 
sures made  in  the  morning  gave  greater  induced  radioactivity 
than  those  in  the  afternoon,  but  that  exposures  made 
after  sunset  gave  values  generally  equal  to  and  sometimes 
greater  than  those  of  the  morning. 

The  following  numbers  which  represent  the   observations 
made  upon  one  day  are  typical  and  shew  this  variation : 


Exposure 

Excited  radioactivity 

9  A.M.— II  A.M. 

.8 

I   P.M.— 3    P..M. 

.6 

6  P.M.— 8    P.M. 

l.o 

9  P.M.— II  P.M. 

i.i 

The  observations  were  n  ade  in  Toronto  between  September 
5th  and  1 2th,  and  between  the  19th  and  23rd,  those  made  at 
Niagara  occupying  .he  interval.  The  values  in  the  two  series 
at  Toronto  exhibited  similar  variations  and  were  confined  in 
both  cases  within  the  limits  mentioned.  The  weather  through- 
out, except  for  a  few  showers,  was  uniformly  fine. 

In  conducting  the  experiments  at  Niagara  Falls  the  electro- 
meter and  its  attachments  were  set  up  in  the  basement  of  the 
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landing-station  at  the  foot  of  the  inclined  railway.  It  was  a 
large  room  having  stone  walls  and  a  cement  floor,  and,  being 
fairly  dry,  was  well  suited  for  making  the  tests.  The  electrical 
machine  which  was  intended  for  charging  the  wire  was  also 
located  in  this  room,  and  the  wire  to  be  exposed  was  led  from 
it  out  of  a  window  and  suspended  in  thioe  stretches  of  about  30 
metres  each,  the  insulation  being  secured  as  already  described. 
The  situation  was  admirably  adapted  for  making  exposures,  as 
the  wire  could  be  led  within  a  metre  or  two  of  the  vast  mass  of 
falling  water.  The  first  length  of  wire  was  generally  enveloped 
in  a  very  fine  spray,  that  which  surrounded  the  second  was 
heavier,  while  the  down-pour  upon  the  third  resembled  the  heavi- 
est rain.  A  point  of  peculiar  interest  in  connection  with  the 
first  exposure  was  that  the  wire  upon  suspension  in  the  spray 
immediately  became  negatively  charged  to  a  potential  of  about 
7,500  volts.  This  voltage  was  maintained  with  but  little  varia- 
tion, both  day  and  night,  during  the  period  covered  by  the  ex- 
periments and  the  sign  of  the  electrification  was  invariably 
negative. 

The  results  of  a  number  of  tests  with  the  difT.rent  sections 
of  the  wire  showed  that  the  removal  of  the  third  generally  caused 
a  drop  in  the  potential  of  the  remaining  sections  from  7,500 
volts  to  about  5,500  volts,  while  the  first  section,  when  exposed 
alone,  gave  a  potential  varying  from  3,000  to  4,000  volts.  From 
this  it  was  evident  that  the  spray  was  a  cause  of  the  electrifi- 
cation and  that  the  potential  of  the  wire  was  largely  detennined 
by  its  density.  On  account  of  the  permanency  of  this  electrifi- 
cation of  the  exposed  wire,  the  electrical  machine  necessary  in 
the  Toronto  experiments  was  not  employed. 

In  testing  for  induced  radioactivity,  the  wire  was  exposed 
for  periods  of  about  two  hours  and  was  removed  in  sections,  each 
section  being  replaced  by  a  new  length.  The  same  method  of 
testing  was  used  as  in  Toronto  and  the  results  expressed  in  terms 
of  the  .<itandard  radioactive  substance.  Exposures  were  made  on 
four  different  days  with  the  following  results.  A,  B,  and  C  denot- 
ing the  sections  of  the  wire,  of  which  A  was  that  nearest  the  ob- 
serving station  and  C  that  nearest  the  waterfall. 
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DmU. 

Sept.  ijtb. 
Sept.  13th. 
Sept.  I6th. 
Sept.  17th. 


Section  of  wire  tested 


A. 
B. 
C. 
A. 
B. 
C. 
A. 
B. 
C. 
A. 
B. 
C. 


Induced  radioactivity. 
Saturation  current  of 
■tandard  auiMtance=i. 


0.1 

None  oligerveil. 

0.16 
None  observed. 
Not  exposed. 

0.13 

0.14 

o.n 

0.15 

O.  I  2 

N  me  observed. 


From  these  numbers  it  will  be  seen  that  but  little  v.iriation 
was  observed  in  the  radioactivity  excited  in  the  sections  A  and 
B.  In  C  however,  which  was  nearest  the  waterfall,  measurable 
radioactivity  was  present  in  only  one  of  three  exposures.  Ordin- 
arily this  .section  was  drenched  by  masses  of  falling  water  in  ad- 
dition to  being  surrounded  by  fine  spray  such  as  enveloped  tliC 
rest  of  the  wire.  But  on  Sept.  i6th  the  air  currents  during  ex- 
posure were  s  ,ch  as  to  drive  aside  the  sheets  of  water  and  per- 
mit only  the  fine  spriy  to  come  in  contact  with  the  section.  As 
already  stated,  the  spray  enveloping  the  section  B  was  generally 
heavier  than  that  in  contact  with  A,  but  the  condition  was  not 
permanent,  as  the  spray  was  blown  about  by  gusts  of  wind  whose 
direction  was  continually  changing  in  the  gorge. 

The  chief  interest  attaching  to  the  results  was  that  the  radio- 
activity excited  was  much  less  than  that  in  Toronto.  It  will  be 
noticed  that  the  greatest  amount  of  radioactivity  observed  at 
Niagara  Falls  was  0.3  while  the  least  observed  in  Toronto  dur- 
ing the  period  covered  by  the  experiments  was  0.6.  The  num- 
bers also  show  that  on  the  average  the  radioactivity  excited  at 
Toronto  was  at  least  from  five  to  six  times  greater  than  that  in- 
duced at  the  Falls.  The  observations  were  not  made  in  the  two 
places  at  the  same  time  and  a  direct  comparison  is  therefore  im- 
possible,  but  as  there  was  no  break  in  the  weather  during  the 
progress  of  the  experiments  and  as  the  values  found  in  Toronto 
before  going  to  the  Falls  were  almost  the  same  as  those  obtjined 
on  returning,  one  is  warranted  in  concluding  that  the  air  at  the 
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foot  of  the  waterfall  permanently  possesses  less  power  to  excite 
radioactivity  than  the  air  Ox  localities  at  some  distance.  While  the 
experiments  were  in  progress  the  spray  was  frequently  examined 
for  radioactivity.  This  was  done  by  collecting  a  quantity, 
evaporating  it  and  testing  the  containing  vessel.  In  no  case 
was  any  trace  of  radioactivit>'  observed. 

Assuming  then  that  excited  radioactivity  is  caused  by  the 
presence  in  the  atmosphere  of  some  i)eculiar  constituent,  the 
experments  which  have  been  described  would  seem  to  shew 
that  this  constituent  is  present  to  a  much  less  degree  in  the 
atmosphere  in  the  neighbourhood  of  waterfalls  than  in  places 
remote  from  them.  That  it  is  possible  to  reduce  the  amount  of 
this  constituent  present  in  the  atmosphere  i  shewn  by  some 
experiments  recently  performed  in  the  Physical  LaI)()ratory  of 
the  University  of  Toronto.  The  windows  and  doors  of  a  large 
room  which  had  been  well  aired  were  closed  and,  while  of 
course  they  were  not  made  air-tight,  it  may  be  assumed,  as  ihcy 
were  close  fitting,  that  the  quantity  of  outside  air  which  they 
admitted  was  relatively  small.  .\n  electrical  machine  at  one 
end  of  the  room  was  set  in  action  and  a  number  of  zinc  discs 
attached  to  a  wire  leading  from  its  negative  terminal  were 
suspended  for  an  hour  simultaneously  at  different  points  in  the 
room.  Upon  testing  these  discs  for  radioactivity  by  tlu-  method 
employed  by  C.  T  .R.  Wilson,'  it  was  found  that  the  radioactivity 
excited  in  the  discs  regularly  increased  with  the  distance  from 
the  machine. 

It  was  also  found,  when  a  series  of  discs  were  consecutively 
exposed  for  an  hour  in  a  fixed  position  in  the  room  after  it  had 
been  well  aired  and  closed,  that  the  radioactivity  excited  regu- 
larly diminished  with  the  time.  The  admission  of  a  consider- 
able volume  of  fresh  air,  as  by  the  opening  of  a  window, 
immediately  caused  an  increase  in  the  amount  of  radioactivity 
excited  in  the  exposed  discs.  It  was  evident,  therefore,  that 
the  electrical  machine  in  action  served  as  a  means  of  removing 
from  the  atmosphere  surrounding  it  the  constituent  upon  whose 
presence  the  excited  radioactivity  depended. 


'Proc.  Roy.  Soc.,  Vol.  68,  p.  151,  (1901). 
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In  seeking  for  an  explanation  of  the  diminished  radio- 
activity excited  at  the  Falls,  the  experiments  just  described 
suggest  the  presence  of  an  agency  having  an  effect  similar  to 
that  of  the  electrical  machine  on  the  air  in  the  room.  The 
negative  electrification  of  the  wire  when  in  the  spray  area 
pointed  to  the  presence  of  this  agency  in  the  spra\-  itself.  The 
time  at  the  writer's  disposal  did  not  permit  of  a'direct  investi- 
gation  mto  the  charge  carried  by  the  spray,  but  the  negative 
electrification  of  the  wire,  which  it  will  be  remembered  was 
always  present,  would  seem  to  indicate  a  similiar  electrification 
of  the  spray. 

That  this  was  the  case  may  be  deduced  from  the  results  of 
some  recent  experiments  by  Schmauss',  who  found  that  water 
became  negatively  electrified  when  dropped  through  air  traversed 
by  Rontgen  rays.  He  explained  his  results  b^•  a  reference  to  the 
experiments  of  Rutherford^and  of  Zeleny^in  which  it  was  shown 
that  a  stream  of  Jir,  when  ionized  b.v  Rontgen  raxs  and  directed 
against  an  insulated  conductor,  imparted  to  it  .t  negative  charge 
owing  to  the  greater  velocity  ot  dilTusion  of  the  negative  ious 
These  experiments,  in  which  the  gas  ^^a^  in  motion  and  the  in- 
sulated conductor  at  rest,  Schmauss  considered  the  converse  of 
his  own. 

Now  in  the  experiments  we  are  considering  we  have  spra^• 
moving  through  air  which  from  Lenard's  observations  containec! 


e   movmg   spray, 


a  considerable  excess  of  negative  ions.     Th.   ^   ,j,,..,, 

according  to  Schmauss's  results  would  acquire  a  netrative  charge 
from  the  air  present  and  would  then  be  in  a  condition  to  attract 
to  Itself  the  radioactive  emanation  and  on  falling  would  can^-  it 
down  to  the  river  below.  This  process  would  result  in  a  dimi- 
nution in  the  amount  of  the  emanation  present  in  the  air  at  the 
foot  of  the  waterfall  and  would  therefore  account  for  the  small 
amount  of  induced  radioactivity  obsened  in  that  locality.  This 
explanation  requires  the  spray  itself  to  be  radioactive,  but  when 
the  enormous  volume  of  the  spray  and  the  very  limited  amount 
ofjinduced^radioactivity  observed  in  the  locality  are  taken  into 

'Wied.  Ann.  Bd.  9,  pp.  224-237  (1902).  " 

•Phil.  Mag.,  Vol.  43,  p.  J41  (1897). 

'/did..  Vol.  46,  p.  120  (1898). 
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account,  together  with  the  known  decay  of  induced  radioactivity, 
it  would  appear  reasonable  to  conclude  that  experiment!-  con- 
ducted with  very  much  larger  quantities  of  spray  than  those  in 
the  writer's  tests  would  be  necessary  to  obtain  observable  results. 
The  foregoing  would  also  serve  to  explain  the  negative 
electrification  of  the  suspended  wire.  From  the  observations  of 
Lenard  we  should  expect  a  positive  charge  to  be  developed  on 
the  wire  by  the  splashing  of  the  spray.  Schmauss  has  shown, 
however,  that  the  negative  charge  gained  by  drops  of  water  in 
hilling  through  ionized  air  niay  be  so  great  as  to  overcome  the 
Lenard  effect,  and  since  the  air  enveloping  the  spray  at  the  fall 
was  not  only  ionized  but  also  contained  an  excess  of  negative 
ions  it  is  evident  that  all  the  conditions  were  present  for  pro- 
ducmg  a  negative  electrification  of  the  suspended  wire.  It  is 
probable,  too,  that  a  considerable  portion  of  the  negative  charge 
developed  on  the  wire  was  taken  up  directly  from  the  negatively 
charged  air  which  was  constantly  in  motion  about  it. 

IV.  Radioactive  Rain  and  Snozv.  In  order  to  ascertain,  if 
possible,  the  effect  of  variations  in  the  weather  upon  the  radio- 
active state  of  the  atmosphere,  the  writer  made  .s  series  of  daily 
observations  in  the  month  of  November.  During  this  period 
both  rain  and  snow  storms  occurred.  The  falling  of  rain  was 
not  found  to  produce  any  marked  change  in  the  radioactive 
power  of  the  atmosphere,  although,  as  already  shewn  by  C.  T.  R. 
Wilson',  the  rain  itself  when  tested  was  active.  The  falling 
of  snow,  however,  was  accompanied  by  a  very  cousiderable  drop 
in  till  value  of  the  excited  radioactivity.  For  example,  on 
November  25th  the  air  was  drj-  and  cold  and  the  morning 
exposure  gave  a  value  of  0.92,  that  for  the  afternoon  exposure 
being  0.66.  The  next  morning  snow  began  to  fall  heavily  and 
an  exposure  was  made  in  it  for  two  hours.  The  resulting  value 
for  the  excited  radioactivity  was  0.3.  The  snowfall  continued 
throughout  the  day  and  the  value  for  the  afternoon  exposure 
was  again  0.3.  This  stonn  was  general  throughout  Ontario 
and  the  snow,  which  fell  to  a  depth  of  about  three  inches, 
remained  for  some  days  on  the  ground  and  did  not  entirely 
disappear  until  November  30th.  Tests  made  for  excited  radio- 
■Proc.  Camb.  Phil.  Soc.,  Vol.  zi.,  Ft.  vi.,  p.  428. 
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act     ty  in  the  interval  shewed  Viiluts  ranKinj;  from  0.3  tou.4.  '^» 

December  ist  an  exposure  made  about  noon  gave  a  \.iliu-  of  d.y. 

On  this  day  the  weather  was  ajfain  mild  and  the  snow  !i.id  dis- 

appeared.     Kxposnres  made  in  the  mornings  of  December  2nd, 

.^rd,  4th,  and  5th  gave  the  values,  08,  i.i.,  0.9,0.9,  rcMKctively. 

The  weather  continued  mild    until   December  .sth,  wln.11   tlie 

temperature  dropped  below  o^C.     On   December  6tli  the  cold 

weather  still  prevailed  and  an  exposure  made  from  i  103  oVlcx-k 

in  the  afternoon  gave  a  value  of  0.92.     Shortly  after  3  o'clock 

a  light  fall  of  fine  snuw  began,  which  continued  tii:..ugliont  the 

night.     An  exposure  was  made  from  3.30  to  5.30  j).m.  .md  .dso 

one  from  9  to  1 1  p.m.     The  resulting  value  for  the  ionncr  was 

0.2  and  for  the  latter  0.32.     .\s  the  numbers  ju.st  given  iiulicate, 

the  falling  of  snow  on   both  occasions  was  accompani.  ;  by  an 

.mmediate  drop  in  the  c-      ed  radioactivity.     It  will  .d>o  be 

noticed  that  while  the  ground  was  covered  with  snow  from  the 

first  fall  the  diminished  activity  continued.     The  snow  <jn  both 

occasions  was  collected  as  it  fell,  melted  and  evaporated,  jud 

the  residue  found  to  be  highly  radioactive.     vSnow  whicii  fell  in 

the  first  storm  was  tested  after  it  had   Iain  two  days  on  the 

ground  and  was  found  still  to  possess  about  one  per  cent,  of  its 

original  activity. 

These  results,  it  will  be  seen,  lend  support  to  the  tlicorv  that 
the  constituent  of  the  atmosphere  to  which  the  excit.itiim  of 
radioactivity  is  due  is  an  emanation  from  the  earth's  surface. 
It  woidd  also  seem  from  the  values  found  for  the  induceil  radio- 
activity that  this  emanation  is  cut  off  to  a  considerable  extent 
when  a  wide  area  of  the  earth's  surface  is  thickly  covered  with 
snow. 

The  limited  number  of  observations  made  hardly  justifies  a 
definite  conclusion  as  to  the  manner  in  which  rain  and  snow 
becomes  radioactive ;  but  it  is  possible  that  water  vajwur  in 
moving  through  the  air,  whether  in  the  form  of  clouds  or  other- 
wise, gains  a  negative  charge,  in  the  same  manner  as  the  spray 
at  Niagara  Falls,  attracts  to  itself  the  emanation  in  the  air,  and  con- 
sequently becomes  radioactive.  This  view  is  supported  by 
the  results  of  some  experiments  recently  made  by  the  writer. 
Water  vapour  was  condensed  from  the  atmosphere  upon  the 


A    -^.. 


X 


-^ 


AT    TIM-     ImmiT    oK    W All  kl  AI.I.S 


K% 


svjrt'acc  of  .1  iminlKjr of  tylindcrs  CDiil.iiiiiiij;  a  faiviiij;  iiiiMinc 
of  ill-  .111:1  salt.  The  water  tliiis  obtaiiiid  was  cvapnrati-il  in  a 
inctallii'  tray  and  the  residue  tested  for  radioactivity.  S'leh  te>ts 
were  ni.ide  daily  for  a  jx^ricKl  of  two  weeks.  In  most  of  tluni  no 
radioactivity  was  ob.served,  but  slight  traces  were  noticeable  in 
several,  and  on  four  occasion.s  the  radioactivity  exciteil  was  very 
marked.  The  experiments  were  all  conducted  with  e(|ual  care 
and  no  catise  w.is  apparent  for  the  different  results  of  the 
observations. 

The  thanks  of  the  writer  are  due  to  Mr.  J,  S.  IM.iskett,  ll..\., 
for  as»i>tance  in  concioCtinjij  the  e.viH'riments  which  at  Niagara 
were  .ittcnded  with  considerable  difficidty,  and  to  Mr.  J.  C. 
Rothery.  Sui)crintendcnt  of  the  Niajj.ira  Falls'  Park  and  River 
R.iilw.iy  for  facilities  afforded  in  trausiv.rliiii,'  the  api>.iratu>. 
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SOME  EXPERIMENTS  ON  THE  ELECTRICAL 
DUCnVITY  OF  ATMOSPHERIC  AIR.* 


CON- 


I.  Introduction.  In  a  paper  by  H.  Geitel'  reference  is  made 
to  a  gradual  increase  observed  in  the  conductivity  of  a  mass  of 
atmospheric  air  after  being  confined  in  an  air-tight  chamber. 
This  effect  was  found  to  require  from  four  to  five  days  to  reach 
its  maximum  value  and  was  observed  in  localities  where  no 
thorium  compound  or  other  known  radioactive  substances  ex- 
isted. In  a  subsequent  investigation  Elster  and  GeiteP  found 
that  air  which  had  been  confined  for  some  time  in  closed 
caves  or  house-cellars  possessed  an  abnormally  high  conductivi- 
ty. This  phenomenon,  together  with  the  observed  increase  in 
conductivity  mentioned  above,  they  concluded,  could  not  be  due 
to  the  presence  of  dust  or  water  vapour.  They  traced  it  rather, 
in  both  cases,  to  the  existence  of  some  undetennined  radioac- 
tivity in  the  confining  walls.  More  recently  these  physicists* 
discovered  that  atmospheric  air  possessed  the  property  of  excit- 
ing induced  radioactivity  in  bodies  exposed  under  negative 
electrification.  This  phenomenon  of  induced  or  excited  radio- 
activity had  been  previously  observed  by  Rutherford^  in  bodies 
exposed  to  air  drawn  from  the  neighbourhood  of  thorium  com- 
pounds and  had  been  connected  by  him  very  directly  with  an 
emanation  which  these  salts  emit.  This  emanation  he  found 
possessed  the  property  not  only  of  exciting  radioactivity  in  all 
solid  substances  in  its  neighbourhood,  but  also  of  ionizing  any 
gas  with  which  it  was  in  contact. 

Since  atmospheric  air  has  been  shewn  by  Elster  and  Geitel,* 
C.  T.  R.  Wilson*  and  others  to  be  continually  ionized  by  some 
agent,  and  since  it  has  also  been  shewn  to  possess  the  property  of 
exciting  radioactivity  one  is  forced  to  conclude  that  there  is  pres- 
^°^-^°  ^^^  ^^'^  ^°  emanation  possessing  properties  similar  to  that 

•Read  before  the  American  Physical  Societyat  WashinKton,  Dec.  iiat.  igoa 
'Phys.Zeit.,ii,  pp.  116-119,(1900).  ,  1^.  3'«.  iS"'. 

7^^-  5".''  'V  PP-  560-563.  (1901). 
'Phys.  Zeit.,  u,  p.  590,  (1901). 

<Phil.  Mag.,  No.  49,  pp.  I  and  161,  (1900). 

''Loc.  cit. 

•Proc.  Roy.  Soc,  vol.  69,  pp.  277-282,  (1901). 
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emitted  by  thorium  compounds.  Hitherto  the  source  of  such 
an  emanation  has  not  been  determined,  but,  as  the  phenomena 
of  induced  radioactivity  and  spontaneous  ionization  universally 
characterize  atmospheric  air,  it  steui-  evident,  since  thorium 
compounds  are  but  sparsely  distributed  '-.  nature,  that  sources 
other  than  these  must  exist. 

Recalling  the  experiments  of  Elster  and  Geitel,  it  seems 
probable  that  the  earth's  surface,  and  possibly  too  the  material 
used  in  the  construction  of  their  apparatus,  are  sources  of  this 
emanation.  As  but  little  evidence  existed  in  favour  of  this 
conclusion,  the  writers  recently  made  a  series  of  observations 
upon  atmospheric  air  confined  in  air-tight  vessels  of  different 
metals.  The  result  of  the  investigation  showed  that  the  con- 
ductivity of  the  enclosed  air  depended  ver>'  largely  upon  the  ma- 
terial of  which  the  receiver  was  made,  and  the  effects  observed 
would  seem  to  indicate  that  all  metals  in  varying  degree  are  the 
sources  of  a  marked  though  feeble  radioactive  emanation. 

II.  Apparatus.  In  these  observations  the  air  whose  conduc- 
tivity was  to  be  measured  was  confined  in  a  cylinder  125  cms. 
in  length   and  25  cms.  in  diameter,  similar  to  that  shown  in 
Fig  I.     In   the   first  experiments   it  was   made  of  sheet  iron 
coated  with  zinc,  and  in  the  later  experiments  linings  of  various 
metals  were  inserted  in  order  to  examine  their  effect  upon  the 
conductivity  of  the  enclosed   air.     The  bottom  and  cover  were 
removable,  and,  when  in  position,  were  made  air-tight  by  mean., 
of  cement.    Into  a  flanged  opening  in  the  cover  was  fittetl  an 
ebonite  plug  about   5  cms.  in   diameter.     A  brass  tube  B  was 
passed   through  this  and  into  it   a  second  ebonite    plug   was 
tightly  fitted.     This  second  plug  carried  a  brass  rod  C  which 
extended  almost  to  the  bottom  of  the  cylinder.     The  brass  tube 
B  which  was  earthed  throughout  the  measurements,  served  as  a 
guard  ring  and  prevented  any  leak  from  the  vessel  to  the  rod  C 
across  the  ebonite  plugs.     The  conductivity  was  measured  by 
placing  the  cylinder  upon  an  insulated  platfonn,  charging  it  by 
means  of  a  set  of  small  storage  cells  to  a  potential  of  165  volts, 
which  sufficed  for  the  saturation  current,  and  obserxnng  the  rise 
in  potential  of  the  electrode  D  which  was  joined  to  a  quadrant 
electrometer  in  the  usual  manner.     The  sensibility  of  the  elec- 
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trometer  was  such  as  to  produce  a  deflection  of  i,ooo  mms.  on 
the  scale  for  a  potential  difference  of  one  volt  between  the 
quadrants. 

III.  Conductivity  Measurements:  Time  Kffect.  Before  en- 
closing air  for  examination  the  cylinder  was  placed  in  an  open 
window  in  the  laboratory,  with  the  ends  removed,  and  the  air 
allowed  to  blow  through  it  for  some  time.  The  top  and  bottom 
were  then  replaced,  cemented  in  position,  and  the  cylinder  con- 
nected with  the  electrometer  as  quickly  as  possible.  Measure- 
ments on  the  conductivity  were  made  at  intervals  of  a  few 
minutes  at  first,  and  it  was  invariably  found  that  a  rapid  decrease 
in  the  ionization  took  place  until  a  minimum  value  was  reached- 
The  conductivity  then  slowly  increased  and  approached  a  limit- 
ing value  in  the  course  of  two  or  three  days. 

TABLE  I. — Current:  Arbitrary  Scauk. 


Time. 

Pressure— 501.0  cms.    1 

I'ressure — 74.2  cm.s, 

lo    mins. 

30.0 

17. 1 

15       " 

93 

30       " 

175 

6.2 

50       " 

•32 

5.5 

I      hour 

12.0 

1.25     " 

....                    j 

5.13 

1.5      " 

9  9                    1 

.... 

1-75    " 

8.9                    1 

5.1 

2.00  hours 

8.0 

\l 

4.00     " 

6.6                    i 

5.00    " 

7.6 

6.00    " 

.... 

5.0 

10.00    " 

5.8 

22.00    " 

19.2                    1 

25.00    " 

'6.0 

29.00    " 

.... 

6.0 

32.00    " 

2;.o                     ! 

.... 

34.00    " 

1 

5-3 

44.00    '■ 

24.0                     1 

.... 

4500    " 

6.5 

In  re_  tests  carried  '-tit  in  this  manner  with  the  zinc 

cylinder  u  -  found  that,  v..  le  the  initial  conductivity  varied 
from  day  to  day,  there  was  always  observed  a  rapid  decrease  to  a 
constant  minimum  followed  by  a  gradual  rise  to  a  constant  limit- 
ing value.  A  typical  set  of  values  for  the  conductivity  of  air 
confined  in  the  zinc  cylinder  at  atmospheric  pressure  is  given 
in  the  third  column  of  Table  I,  the  currents  being  expressed  in 
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arbitrary  units,  and  the  times  bein.  ^^^^^^^^l^^^J^^^^,  ;^) 
the  cylinder.     The  ion.at>on  ^^  ^^^Jj^^^  J,^^^^^^^^^^ 
shows  that  the  mimmumcun^  ,  ^'l^^^^'^^^^,^^  hours 

about  seven  atmospheres  are  g^vun  in  the  ^co 

rise  tending  towards  a   ^""^ting   value^  ^^s  reached  in  about 
ductivity  in  this  case  was  about  6.6    and  J^J^^^^^  ^^^ 

four  hours  after  the  ^^qu^ed  p^ssure    n  the  c     n^  ^  ^^^^  ^^^ 

obtained.     The  time  occupied  in  pumping  me  ai 

is  at  one  suggested  b>  *»  "»™^'™  j  and  that  in  the 

being  due  to  an  agent  snbjec.  to  "P"  '"''>'  ^he  first 

^,  to  one  wh»e  P»«- 'J-^^.f^"  r^^R^therford'  for 
rf  these  •lotted  'n,v»«nn^ar  to   h^^^^^^^  ^^  ^,,^  ^, 

the  conductivity  of  the  air  in  a  enam  ^  ^^^^ 

ftoni  a  second  containing  thonnin  o")^^  '^"^^^^.^^  „„,,  ;, 
in  comnlliuication  !o,  soine  Un,  ^  Jhe  -»  of  the  ait  in  a 
:S;r:«rhrdrrp>"ed  in  coniiminication  with  one 

""1t"wmt,^™-n'».«  the  first  portion  of  tiie  cur^.s in 

'Phil.  Mag.,  Jan.,  I9«>.  P-  ^- 
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surface,  was  introduced  into  the  cylinder  with  the  air,  the  decay 
in  this  emanation  being  the  cause  of  the  decrease  in  the  con- 
ductivity, and  the  second  portion  upon  the  supposition  that  a 
radioactive  emanation  is  given  off  bv  the  walls  of  the  contain- 
ing vessel.  On  this  view  the  liniiling  value  to  which  t'.e 
conductivity  cur\-es  tend  would  represent  a  condition  of  equi- 
librium, where  the  rate  of  decay  of  the  emanation  is  equal  to 
the  nite  at  which  it  is  produced. 

As  both  the  low  and  the  high  pressure  cylinders  were  made  of 
the  same  material  and  were  of  the  same  size,  one  would  expect 
the  same  amount  of  the  emanation  to  be  present  in  both  when 
the  steady  state  was  reached.  With  an  ensily  absorbed  radia- 
tion from  this  emanation,  we  should  obtain  a  limiting  conductiv- 
ity independent  of  the  pressure.  But,  since  a  very  great  differ- 
ence was  found  in  the  limiting  conductivities  at  the  two  pressures, 
it  would  appear  tl.at  the  radiation  possesses  considerable  power 
of  penetration  and  is  not  easily  absorbed. 

The  difference  in  the  initial  conductivities  given  in  the 
second  and  third  columns  of  Table  I  may  also  be  readily 
explained  by  the  difference  in  the  air  pressures.  The  time 
required  to  fill  the  high  pressure  cylinder  and  the  decay  taking 
place  during  that  time  in  the  emanation  introduced  with  the 
air  preclude  a  comparison  of  the  amounts  of  active  emanation 
present  in  each  cylinder  when  the  first  observations  upon  their 
conductivities  were  made ;  but  if  the  amount  in  the  high 
pressure  cylinder  were  equal  to  or  greater  than  that  in  the  low 
pressure  cylinder,  the  difference  in  the  initial  condijctivities  is 
explained,  while,  if  it  were  less,  the  greater  density  of  the  air 
in  the  high  pressure  cylinder  and  the  consequent  greater 
absorption  would  still  account  for  the  higher  conductivity. 

IV.  Effect  of  Different  Metals.  To  ascertain  whether  the 
conductivity  of  the  air  enclosed  was  affected  by  a  change  in  the 
metal  compcsing  the  walls  of  the  receiver,  linings  of  tin  and 
lead  were  in  turn  fitted  into  the  zinc  cylimier  used  in  the  tirst 
experiment.  Tests  of  the  conductivity  were  made  both  with 
and  without  the  tin  and  lead  linings.  Before  each  test  the 
cylinder  was   well   aired    and   sealed   in   tlie   manner  already 
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tlescriJH-d.  As  sinm  as  tlie  air  was  fucloswl  tiRMsnrcnients  on 
llic  conductivity  wtrc  laguii  and  continued  at  stated  intervals 
as  before. 

TAULK  n. 


Cm  rent 

Arliil 

r;iry 

Sc.-ilc. 

'ruin-. 

— 

/.inc. 

i 

Till. 

l,t'A<l. 

It)  iiiitiiitt » 
"S 

i.V" 

1,1" 
1  i.<i 



IS.4 

.1* '           '  * 

.■i^ 

7-6 

>.V4 

Vs 

S-.\ 

7  S 

12.1 

i.u  h"iirs 

s-< 

1 1  .s,s 

15      •• 

(S.S 

71 

10  N 

2 11      " 

7-.\ 

II  .S 

:!■> 

7  \ 

s "    ■■ 

5" 

1  i  s 

7."      •• 

.S3 

II. 9 

■>o     • 

.... 

.... 

12.0 

12.0     " 

■ . . . 

79 

iS.i)     •' 

6.0 

1 

8.» 

.  •  •  * 

The  values  obtained  for  the  conductivity  with  each  of  the 
metals  are  ^jiven  in  Table  II,  and  curves  representing  these 
values  are  .shown  in  Fig.  IV.  The  curves  for  the  different 
metals,  it  will  be  .seen,  have  the  .same  characteristics.  In  each 
there  is  a  rapid  drop  to  a  minimum  and  a  gradual  rise  towards 
an  ultimate  limiting  value.  It  is  interesting  to  r.ote  that  a  con- 
siderable difference  was  found  in  the  nunimuni  conductivities  for 
the  three  n-f^tals,  and  that  the  final  limiting  values  also  varied. 
The  decay  of  an  emanation  introduced  into  the  cylinders  with 
the  ■  would  again  accoiuit  for  the  first  portion  of  the  curves,  a 
radioactive  emanation  from  the  metallic  walls  would  explain 
the  existence  of  tl'.e  second  portion,  while  the  differences  in  the 
minimum  and  limiting  values  may  be  considered  to  have  their 
origin  in  vari.ntions  in  the  rate  at  which  the  emanation  is  given 
off  by  the  different  metals.  In  this  connection  it  will  be  noted 
that  the  limiting  values  of  the  conductivities  range  according  to 
the  atomic  weights  of  the  nictal.s,  lead  having  the  highest,  tin 
the  next  and  zinc  the  lowest. 

V.  Effect  of  Variations  in  Piissnrr.  In  order  to  investigate 
the  rclatitni  between  the  conductivity  of  air  and  the  pressure  at 
which  it  was  confined,  the  heavy  cylinder  was  filled  to  a  pres- 
sure of  about  seven  atmospheres  and  allowed  to  stand  for  some 
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days  tintil  its  condiiclivjly  :i.sjmiiic<l  a  constant  value.  Tliv  air 
was  then  allowed  to  escajK-  gradually,  an<l  the  pressure  reduced 
from  501.0  cms.  to  4.4  cms.  «if  mercury,  the  comhictivity  lainj^ 
measured  at  tiiese  and  at  various  interme«liate  pressures.  The 
results  are  jjiveii  in  Talile  III,  and  the  conduotivitv  curve  in 

v\k.  V. 

T.MU.K  in. 


Pressure  in  Cms. 

501.0 
4N1.U 
4J0.0 
384.0 
173.0 
JJ7.U 
176.0 
I  JS.o 

74a 

69.3 

6s.o 

iS-o 
44-» 
350 
M.4 
18.S 
14.0 
4-4 


Ciirrfiit: 

Ailiitrniv  S<-»U 

'S?> 

ii.7 

21.2 

^'■.< 

'JS 

14.1 

11.7 

93 

'>.S 

•S'S 

54 

17 

4.2 

.%  .S 

■»7 

].2 

I..H 

I.I 

The  ionization  cnrvc  so  nearly  approaches  a  str.iijjlu  Hue 
that  we  may  almost  conclude,  in  view  of  the  wide  raiij^e  of  the 
pressures  examined,  that  the  conductivity  was  proportional  to 
the  pressure.  This  result  is  what  we  should  e.xpcct  to  obtain 
with  an  emanation  maintaiuetl  at  a  constant  streuj^th  and  emit- 
ting a  radiation  of  a  penetrating  nature. 

V'l.  PtitctnUing  Rays  from  Exlcnial  Soiircis.  While  the 
effects  described  up  to  the  present  may  be  explained  by  suppos- 
ing the  ionization  to  be  caused  by  a  radioactive  emanation  sent 
off  from  the  metals,  it  has  been  found  that  part  of  the  conduc- 
tivity cannot  be  accounted  for  in  this  way,  but  must  be  attri- 
buted to  an  active  agent  external  to  the  receiver. 

The  heavy  cylinder  referred  to  above  was  filled  with  air  to 
a  pressure  of  about  400  cms.  of  mercury  and  allowed  to  stand 
until  its  conductivity  had  become  steady.  It  was  then  placed  in 
an  insulated  galvanized  iron  tank,  1.5  metres  in  height  and  .75 
metres  in  diameter,  which  was  gradually  filled  with  water  so  as 
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to  stirroiuid  the  cylinder  with  a  layer  25  cms.  in  thickness.  The 
initial  conductivity  before  the  water  was  admitted  was  21.  i.  As 
the  current  rose  the  conductivity  decreased  and  fell  to  13.3 
when  the  tank  had  been  filled.  The  values  for  the  conductivity 
during  the  experiment  are  given  in  Table  IV  and  are  repre- 
sented by  the  cur\-e  shewn  in  Fig.  VI.  From  these  values  it  will 
be  seen  that  the  loss  was  almost  directly  proportional  to  the  rise 
of  the  water,  and  that  the  total  fall  in  conductivity  was  about 
37  per  cent. 

TABLE  IV. 


[>epUi  in  Cms. 

1        Current : 

;  Arbitrary  Scale. 

0.0 

21. 1 

15.0                                  1 

60.0                      ! 

20.5 
18.0 

77.0 

17.0 

97.0 

IIO.O 

120.0 

>4.3 

13-75 

'3-3 

The  experiment  was  repeated  with  the  cylinder  placed  in  a 
tank  50  cm.s.  in  diameter.  This  tank  permitted  the  cylinder  to 
be  surrounded  by  a  layer  of  water  12.5  cms.  in  thickness,  and  it 
was  found  when  the  water  was  poured  in  that  the  conductivity 
fell  ofl  17.5  per  cent. 

From  these  results  it  is  evident  that  the  ordinary  air  of  a 
room  is  traversed  by  an  exceedingly  penetrating  radiation, 
such  as  that  which  Rutherford  has  shewn  to  be  emitted  by 
thorium,  radium  and  the  excited  radioactivity  produced  by 
thorium  and  radium. 

In  order  to  reach  definite  conclusions  regarding  the  extent 
and  true  character  of  the  effect  of  various  metals  upon  the  con- 
ductivity of  the  air  which  they  enclose  it  would  be  necessary  to 
entirely  cut  off  the  enclosing  vessel  from  the  action  of  any  exter- 
nal radiation  and  the  writers  have  not  yet  carried  their  experi- 
ments to  this  point. 
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